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The materizl in this paper was presented at the Case For Mars Conference,
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Boulder, Colorado, Aprit 30, 1981. This paper in its entirety, will be publish-
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LIST OF ACRONYMS

Air Revitalization System

Air Revitalization Systern (Expenmentai) - 1 person
Amps per Square Foot

Cortrolled Ecological Life Support System
Control/Monitor Instrumentation

Cathode Ray Tube

Environmental Cont-ol/Life Support Systems
Electrochemical Depolanzed Concentrator
Enhanced Duration Orbiter

Independent Air Ravitalization System

Nitrogen Supply Subsystem

Oxygen Generation Subsystem

Power Extension Package

Fesearch and Development

Regenerative ! if~ Support Evaluation

Reverse Osrnosis

Static Feed - Wate. Electrolysis Subsystem

Space Operations Center

Solid Polymer Electrolyte - Waier F.lectrolysis Subsystem
Suppotting Research and Technology

Space Station Prototype

Thermoelectric Integrated Membtane Evaporation Subsystem
Vapor Compression Distillation

Water Vapor Electrolysis
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INTRODUCTION

Extended manned space missions, including in-
terplanetary missions, will require ragenerative life
support systems in order to place manned mission
life support corsiderations into perspective. this
pape-~ will review previous manned space life support
system technology, activities and accomplishments
in NASA's current supporting research and technol-
ogy (SR&T) program, the life support subsystem/
system technologies required for an Enhanced Dura-
tion Orbiter (EDO) and a Space Cperations Center
(SNC), regenerative life supoort functions and
technology required for manned interplanetary flight
vehicles, and future development requirements

BACKGROUND

Tre life support systems technology utilized on Pro-
jects Mercury, Gemni and Apolio used expendables:
liquid orygen (O;) for breathing; lithium hydroxide
(L1OH) canisters tor carbon dioxide (CO,) removal; ac-
tivated charcoal canisters for trace conteminant
removal; stored water for diiriking and washing; stored
freeze-dehydrated food, unne collection and storage
and/or overboard dump; and cotlection, stabiliza-
tion'treatment and storage of solid waste. These
spacecraft had an atmosphere of 5 psia O, with no in-
ert diluen® gas

Skylab utilized a two-gas atmosphere (N, diluent at 1.5
psia) with a total pressure of 5 psia. Skylab aisousued a
regenerable CO; removal subsystem (molecular
sieve/silica gel adsorption beds).

The Space Shuttie Orbiter (Space Transportation
System) ushurs in a new ¢-a in American manned
space vehicles. Not only 1s the Shuttle a reusable
spacecr sft, but the space cabin atmosohere 1s main-
taireg at Earth ainbient pressure of 14.7 psia (20% O,
and 30% Nj). The early Shuttle flights will be seven-
day flights, and the life support system fligtit hardware
will still utilize expendables.

ADVANCED LIFE SUPPORT
SYSTEMS TECHNOLOGY

Growth in space transportation capabihity wil! provide
extended stay times for the Shuttle Orbiter, permanent
manned facilities in low earth orbit, and ultimately,
manned planctary vehicles. Regenerative life support
technology is cne of the rate controlling technologies
for future manred space habitabitity including EDO,
SOC and tuture manned planetary flight vehicles.

Tne use of experuables for nie support, rather than
-egenerative techniques, for future manned missions
beyond the seven-day Shuttle Orbiter, will become pro-
hibitively expensive in terms of logistics costs. For ex-
ample, the Skylab missions reqitired the launching of
12,000 pounds of water. Regenerative systems hard-
ware tends to be bulkier, heavier and more power con-
suming than short-term expendable sys. :ms. How-

ever, for some miasions of only 40 person-day dura-
tions the penralties for utilizing the expendable ap-
proach will exceed ary drawbacks of regenerative
systems. cquivalent weight trade-off uf regenerative
vstotal cxpencatie ‘open loop) life support systems is
shown in Figure 1.
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Figure 1. Regenerative vs Open Loop EC/L3S

Advanced life support systems technology also re-
terred to as Environmental Control/l ife Support Cys-
tems (EC/LSS), consists of a number of areas in-
cluding air revitalization, water reclamation, solid
waste mariagement, food se:vice, and control/monitor
tnstrumentation.

-

. AirRevitalizati 1 System — This systemintegrates
processes (subsystems) for. CO; removal, CO;
raduction, O, generation, N, generatior, humidity
control, water handling, trace contaminant contro!,
and control/monitor insirumentation for sub-
system and integrated system operation

2. Water Reclamation System — This system pro-
vides integra -~ processes for recovery of po.able
water from fue: cell water, cabir humidity conden-
sate, wash water ardurine The system(s) must aiso
include provisions for water quality monitoring,
sterilization, and control/monitor instrumentation
for subsystem and integrated system operation.

3. Solid W. te Management System - This system
includes the collection, transfer, treaiment ano
subsequent storage of treated/stabilized vaste
mass. Treatment processes are designed to
min.mize storage requirements, increasing in com-
plexity from vacuum drying to starilization to oxida-
tion. Fecal water reclamation is feasible, but 1t 18
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impractical unless the solid waste treatment pro-
cess can tetally oxidize solid organic wastes. Fecal
treatment leading to food generation is considered
tu be part of tha Controlled E<ological Life Support
System (CELSS) program and is not included in this
paper.

4 Food Service System — This system invoives
packaging, storage and service of expendable
foods for maintenance of proper human nutrition.

5. Cuntrol/Monitor Instrumentation — This technol-
ogy category deals with the control, monitoring and
fauit diagnostic instrumentation required for
reliable computer-controlied subsystem and/or
system operation.

All of these technology areas, with the exception of
Food Service System s, will be discussed in this paper.
This paper will emphasize the technology develop-
mer.ts in Air Revitalization because of their relative
complexity aiid the corresponding amount of SR&T
activities com.pleted and currently underway.

AIR REVITALIZATION
CO, Removal

Regenerable CO, removal techniques can utilize
cyclic sorbers or continuous CO, removal processes
such as an Electrochemical Depolarized Concentrator
(EDC).

CO, Sorbers

Some solid materials such as molecular sieves or
solid amines have the capability of preferentiatly ad-
sorbing gases 2uch as CO, on their surfaces. The ad-
sorbed gases can then usually be desorhed by a com-
bination of thermal and vacuum treetment proce...as.
In all sorber system applications continuous adsorp-
tion capability is achieved only by using parallel ad-
sorption beds which alternately cycie between adsorp-
tion and desorption operational modes.

Adsorption materials cannot provide a constant ad-
sorption rate for any gas since the adsorption rate and
capability of the material are dependent on the quanti-
ty of gas alrea.ly adsorbed on the material. The adsorp-
tion rates attainablz with a “nearly-spent” adsorption
material are very low. As a result, the maintenance of
low cabin partial pressures of the gas in question (e.g.,
pCC, = 2-3 mm Hg) necessitates frequent bed recycl-
ing and large volume beds.

The molecular sieve material used for Skylab is a good
CQ, adsorber, but the material alsv preferentially ad-
sorbs water vapor vs CO,. Therefore, a silica gel sorber
bed was required in saries with the molecular sieve
bed in order to praserve the CO, adsorption capability.
The desorption cycls consiated of thermal treatment
2~ overboard venting of the CO, and water vapor to
space vacuum.

‘WP:I;—rencu cited are listed at end of paper.

Solid amine CO, adsorption material is made trom a
spherical porous substrate coated with a non-volatile
liquid amine The substrate is a polymeric acrylic ester
similar to plexiglas and the coating is a polyethyl-
enimine with a molecular weight of 1800. The solid
amine adsorbs CO, and also adsorbs water vapor.

The thermallvacuum operational desorption mode for
solid amines also involves the overboard venting of
CO, and water vapor adsorbed on the bed(!), Such vent-
ing by any sorber subsystem may be used only on mis-
sior.s in which overboard CO, and water vapor dump-
ing is permissible and advantageous. The solid amine
sorber subsystem does, however, offer advantages
over the silica gel/molecular sieve subsystem: lower
weight, lower volume, reduced cabin heat load, and
lower power requirements. The solid amine material
has demonstrated negligible off-gassing (i.e., am-
monia) with 1300 hours of endurance test time.

The solid amine CO; adsorber subsystem has aiso
been proposed to be used in a steam - ~sorbed mode
(212 F, 14.7 psia), so that interfacing 1.,  spacecraft
CC;, reduction subsysiem is possible(2. Before this
operational mode can be seriously considered the
stability of the resin bed to a significant number of
cteam desorption cycles must be demonstrated,
wiiich has not occurred to date.

EDC

The EDC offers significant operational advantages
and weight savings over nor-regenerative techniques
and sorber beds, especially a! low cabin CO, partial
pressures (2-3 mm Hg.)3).

The EDC is an electrochemical method that con-
tinuously removes CO, from a flowing air stream and
concentrates the CO, to a level useful for O, recovery.
The CO, removal takes place in an electrochemical
module consisting of a series of cells. Each celi (see
Figure 2) consists of two electrodes separated by a
matrix containing an aqueous carbonate electrolyte
(Cs,CO,). Plates adjacent to the electrodes provide
passageways for distribution of gases and electrical
current. The electrochemicai and chemical reactions
that take place are:

Cathode:
Oz + 2H0 + 46~ = 40H-

40H- + 2002 = 2H2° + 2C03'2
Anode: (depolarized with Hy)
2H; + 404 - = 4H,0 + 4¢
2C04-2 + 24,0 = 40H- + 2CO,
Overall:

2C0; + Oy + 2Hy = 2C0: + 2H,0 +
electrical enargy & heat
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Figure 2. EDC Cell Functional Schematic

Two moles of CO), are theoretically transferred for one
mole of O, consumed. This ratio represents the pre-
cess efficiency, and 100% etficicncy sccurs when 2.75
gof CO,is transferred for each g of O consumad. The
electrical power produced by the EDC can ba directly
utilized by tise Oxygen Generation Subsystem.

Considerable research and development work has
been carried out with this concept and has resulted in
increased process efficiency, demonstiratedlong-term
performance and advanced hardware development
status@, Extended testing with EDC modules (single
cells tu six-person cell stocks) has exceeded over
2,000,000 celi-tiours. Recent develoninents in the R&D
program have resulted in a one-pzrson capacity liquid-
cooled module that has deronstrated a cons*ant CO,
removal efficiency oi 91% over an inlet relative
humidity range of 16-75%. In addition, this advanced
module has demon.trated a static pressure differen-
tial capability of 60 psid, which is extremely important
in interfacing with the Sabatier CO, reduction sub-
system.

A three-person capacity EDC subsystem has been
Jdeveloped for the Regenerative Life Support Evalua-
tion (RLSE) pogram (see Figure 3¥3. The EDC module
in this subsystern is air-cooled, has demonstrated in
excess of 72% CO; removal efficiency at 85% inlet
relative humidity, and the CO; removal efficiencv was
increased by approximately 12% by operating tr2
module at a60% inlet relative humidity.

CO, Reduction

Thare are two principal methods for combining CO,
with Hj to form water for the eventual recovery of O,
These are the 3abatier and Bosch processes. The fac-
tors that govern process selection deal with the
availability of H, and tne requirement for 1o overboard
dumping of gases.
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Sabatier Process©

This CO, reduction process is ideally suited for an air
ravitalization system that uses a hydrazine-based N,
generation subsystem.CO,and H, from the EDC enter
the Sabatier reactor (see Figure 4)and are converted to
methane (CH,) and water per the following reaction:

4H; + CO,; = 2H,0 + CH,4 + heat

The reaction occurs arourd 700 F and is aided by a
catalyst. The water 1s condensed 1n a hquid cooled
porous nlague condenser/separator The exhaust
gases, primarily CH,, are vented overbcard. Single
pass high conversion efficiency (98-99%) subsystems
have been developed.

Yy

Figure 4. Sab.dier Reactor

BOGCH CO3 REDUETION  INTEAFACE
SUSSYSTEM (A8
ANDQ CONTAOLS

N

R YT k;’),.l‘f

Bosch Process(”

This CO, reduction process reduces CO; and Hj to
sohd carbon (C) and water The reaction occurs in the
range of 980 1340 F in the presence of an iron (Fe)
catalyst. The overall reaction 1s

CO; + 2H; = C + 2H;0 + heat

In practice, sinyle pass efficiencies through the Bosch
reactor are less than 10%. Complete conversion is ob-
tainec by recycling the process gases with continuous
deposition of carbon and removal of water vapor. The
recycied gas mixture contains CO;, carbon monox:de
{CO), water vapor and CH, The carbon remaina in the
reactor and 1s collected in expendable cartridges. The
Bosch development efforts have been himited, and a
laboratory breacboard subsystemis showninFigure 5.

In terms of equivalent weignt, the Sabatier and Bosch
CO; reduction processes trade off as shown in Figure
6 for an 8-person capacity SOC Application. The Bosch
CO;, reduction process does not trade ott favorably
with a Sabatier oriented ARS that uses a hydrazine-
based N, generation subsystem. However, as cabin at-
mosphere leakage is reduced (less H, available for
CO; reduction) and/or overboard venting of gases
becomes detrimental to a mission, the Bosch process
becomes attractive.

Oxygen Generation

Oxygen generation in a regenerative air revitalization
systeminvolves electrolyzingwater recovered from on-

GROUND SUPPORT ACCESSONIES < **

TR\ i

Figure 5. Bosch Laboratory Breadboard Subsystem
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Figure 8. Comparison of CO, Reduction
Subsystem Concepts

boardwastewatersources, cabinhumiditycondensate
and from the CO, redustion process. In the electrol-
ysis subsystems the electrolyte must be maintained
between the electrodes, and the water that i1s electro-
lyzed must be replenished. This is not a simple task in
zern gravity.

Two liquid-feed water e'ectrolysis concepts offer the
potential tor minimizing and containing bu'k slec
trolyte and maximizing the subsequent reliability axd
safety oi the O, Generation Subsystem (OGS). These
two concepts are the Solid Polymar Electrolyte (SPE-
WEtJS; and Static Feed (SF-WES) Water Electrolysis
Subsystems.

SPE-WES®

The SPE-WES uses a perfiuorinated suifonic acid
polymer membrane electrolyte in the electrolysis cells
(seu Figure 7). The eiectrolyte membrane ts in contact

i

— o,
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u

D Sscs o SN
2 “T - catnooe
1
. .44 - anope
J L e
Z |4 eecTroLvTe
i MEMBRANE

-

WATER ——

Figure 7. SPE-WES Crai functionsl Schematic

-

with two electrodes and must be kept moist. In the
case represented in Figure 7, the cathode cavity is
Hooded with liquid water. The electrochemica! reuc-
tions that occur are:

Cathode:
AH+ + de- = 2H,

Anc 7
2H,0 = 4H+ + 4e- + O,

A three-person capacity SPE-WES OGS that includes a
twelve-cell electrolysis module (see Figure B), has
been developed for the RLSE program. This sub-
system has demonstrated voitages of approximately

rosstunt
wOutwa

caiL
atac

i
JU

D

Figure 8 RLSE SPE-WES Module

1.6 volts (V) at operating conditions of 180 F and a cur-
rent density of 150 Amps per square foot (ASF). This
subsystem offers advantages over other acid elec-
trclyte water elactrolysis technclogies (low voltagee
and no free electrolyte in the subsystem), but it does
require subsystem support components (and com-
plexities) to deal with gas/liquid separation and
removal of dissolved gases in the condensed water
exhaust.

SF-WES™

This concept utilizes stutic-feed water addition to an
alkaline electrolyte (see Figure £). The wuter is fed as
vapor through the H; cavity to the electrolysis site
(cathode/matrix/anode composite assembiy). The
reactions occurring in the alkaline electrolysis cslis
are:

Cathode:
4H30 + 40~ = 2H,; + 40K -

Anode:
40H- = 2”20 + 02 + 40"

86

SHIGHVAL Pis2 .8
oF POOR QUALITY

N N



\‘3'\ ‘Qx_\
g
L

PRODUCT Ny PI0DUET 0y
' 1
WATER PRED
MATAIX ae ‘ ', tuacreouyre
~ MATAIX
f A d | | caTnoot
WATLA ’ L
YAPOR r,/
- A anoot
- ’ rf /r'
Z1
k%
.
%
7,
[N[. ¥]1-3 / 'y
waten _ |

-EH-J *
Figure 8. SF-WES Cell Functional Schematic

Initially the water feed cavity, the water feed matrix
and the cell matrix (with electrodes) contain an
aqueoL® =olution of potassium hydroxide (KOH) elec-
trolyte at equal concentrations. When powaer is applied
to the electrodes, water from tite cell electrolyte is
decomposed and the coil electrolyte concentration in.
creases, with a resultant decrease in electrolyte vapo:
pressure. Tne vapor pressure of the slectrolyte in the
feed matrix Causes wate: vapor 0 diffuse through the
H; cavity anZ .0 b apsorbad in the celi electroiyte
matrix. This process establishes a new equilibrium
based un the water requirements for electrolysis ard
humiidificat’ )n of the product gases and continues as
lony as electrical power is applied to the cell eler-
trodes. VWhen electrical power is discontinued, water
vapor will continue to diftuse across the M; cavity until
the eiec:rolyte concentration inthe cell matrix is equal
to that in the water feed matrix and the water feed
compartment.

The static-fesd water acdition concept is simple,
reliable and minimizes subsysiem components and
controls. (n addition, the use of alkaline slectrolyte
aliows low celi voitages, which result in iow power
panalties. Long duration testing with the 8#.Wg8 and
electrochemical modules has demaoristrated voltages
of 1.45-1.49V at operating conditions of 180 F and a
current density of 150 ASF.

A self-contained one-person capacity SF-WES has
bean developed and is currantly undargoing tests (se¢
Figure 10).

Nitroger, Generation

With the advent of a two-gas space cabin atmosphere
using nitcogen (N3) as the diluent, storage and supply
of N3 for cabin leakage make-up is essantial. The
preferred 17ethod of providing Ny make-up is to store
the N3 as hyidrazine (NgM,), to catalytically dissociate

e

VICINAL T s

OF PCCR Qul-iia¥

Figure 10. One-Person SF-WES 0GS

the NaM,into N; and Hy, and to separate the Nz and H;
gases('?. This concept is especially attractive if the
Cabatier CO, reduction process is utilized /83e Figure
6).

This Nitrogen Supply Subsystem (NSS) has a module
containing catalytic discociation and Pd/Ag passive
gas separation stages. Dissociation of NoH. (at 135C F,
250 psia) involves the equilibria in the foliowing
reactions:

(1) NgHg = BN, + “ivH,
(2) %NH:, = BNy + 2Hz

A staging concept has been daveioned in crder to
separate the M frc.m the product Na and 1o reduce the
NHjconcentration in the proauct Ny gas. A schematic
demonstratingt* _tagingconcentis shownin Figure
11. All of the NaH, and soine N are catalytically
dissociated in the first stage. The i{», M2 and non-
dissociated NM; enter the first H; sep«ration stage
where most (90%) of the H, is removed ana rollected
for use in the CO, reduction subsystem. The i, pro-
duct gas stream then passes successively through

) .
e el et en lomrd on [~ swsaston
L
11
g PeoouR? |
g T8 vaduun J
1 T
reemuc 1
NI Y T - .-{ o] -

Figure 11. Nitrogen Generstion Subsysiem
Sehematic
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tiree additional dissociation/ssparation stages. This
alternate dissociation/soparat'on staging ard subse-
quent venting of Hj to vacuum (10%) is necessary to
tavor turther NHj dissociation and thus to lower the H,
and NH; concentrations in the product Nj. A nitrogen
generation module that includes these stages is
shown in Figure 12. Testing with this NSS hardware
has demonstraterd that the product Nz stream con.ains
less than 10 ppm NM3 8na 0.5% H,.

Nitrogen generation using hydrazine should be con-
sidered as both a spacecraft resource or function and
an air revitalization function. The hydrazine based N,
generation approach utilizes expendable NoH, (11
ib/day} to generate N, (9.5 Ib/day) and provides Hz(1.22
Ib/day) for air revitaiization. it is assumed that the NSS
will be located external 1o the manned space cabin
with bulkhead feedthroughs for product Nz and K.
Thissubsystemisolationnotonlycontributesto safety
considerations, but passive thermal control of the N,
generation module and the use of space vacuum for
byproduct Hz would aiso be possi'e

GAS SEPARATOR TUSES

N3 DECOMPOSITION

QRIC..ZL L e
OF POOI G odvnidY

Trace Contamiiiant Control

Contaminants in  manned spacecraft emanate from
bot the crew and the equtpment. As mission dura-
tions, vehicle sizes, crew sizes, and vehicle payload
and experiment compiexities increase and as
spacecraft ieak rates decrease, there wili ve & con-
comitant increase n concentration and vanety of
potential contaminant:. In addition, the increased
crew exposure time (with longer mission durations)
will dictate a reduction in *he allowable contaminant
concentrations.

A spacecraft contaminant control subsystem that
ceals with an expected wide variety of contaminants
will involve several elements including catalytic oxida-
tion, charcoal adsorbers and chemical absoirbers. No
single contaminant control process is suitable for ali
conaiinants. Scrne, such as CO, CH, and H;, can be
catalytically oxidized to CO; and water relatively easy.
Some yases will poison oxidation catalysts and must
be removed by pre-sorbent beds tn protect the

STAGHS

Figure 12. Advanced N; Generation Module

———
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catalyst. Some gases, when oxidized. form evtremely
toxic subs:ances (i.e., fluorocarbons form carbonyl
fluoride that must be removed by post-sorbent beds,
and some organic materials cannot be oxidized effi-
ciently and must be adsorbed

A iimited amour.t of work has been performed ori ad-
sorber/absorber characterization and on catalytic ox-
:dation schemes. Some development aiforts have also
been directed toward regeneration of activated char-
coal. These contaminant control RAD efforts have
been very sporadic, and the technology has not pro-
gressed sufficiently to be commensurate with other
regenerative air revitalization processes

Alr Revitalization 3 stem Int.gration

As mentioned previously, an Air Revitalization System
{ARS) requires the individual subsystem tochnologies
iisted in Fiqure 13. An enginesring brsadboard in-
tegrated air revitalization systern (ARX-1),inc!:« ¥'ng all
AHS subsystem functions with the exception or con-
taininarnil control has been fabricated (see Figure 14).

g
-
A oo

CAD i -t ELEC TRDL M AL

caw w—y
vt cantTAo
N L wesvirem

DEPOLARIZEU
« AmpOR DIGRIOY
LoNChntaaton

Figi7e 13. Air Revitalization System Block Diagram

Preliminary testing of the ARX-1 was conducted for a
period of 120 days and included checkout, shakedown
and endurance testing. Aimost 500 hours of integrated
operation at nominal steady-state conditions cor-
responding (o a one person level were achieved. AdCi-
tiongl testing, currently underway, will examire sub-
system interactions Ov varying parametors such as
CO, generation rate, humidity ioad, coolant tempar-
ature and ncwer availsbility. One goal of this testing is
to demonstrate the readiness of this .“tegrated air
revitalization system for prototype deve/spment and
filght semonstration.

ContreiMonitor instrumentation
A maijor developmant goal of the advanced lite support

program is long duration oparation with minimal ser-
vicing arn.d maintenance & the Craw and the avoidance
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Figure 14. ARX-1

0’ excessive crew training requirements. An in-
wagrated air revitalization system, for example, con-
taing a rangn of electrochemical, chemical "«chan-
ical and electrical components/subsysiems; and
automatic prccess control anc monitsiing are ar: ab-
solute necess..y.

This computer-based Control/Monitor Instrumenta-
tion (C/M 1) must ¢rovide monitorting caoaimiity, con-
trol functions including subsyster systemn:.detran-
sitions; and fault diagnostics including rault predic-
tion, fault detection, fauit isolation, fault correction,
and fault correction instructions. in addition, the C/M |
hardware and softwa ¢ must be ‘'‘of arator error.
proof "

Advanced life support C/M | developme. .8 Rave pro-
Qre.sed along with current life support technology ad-
vanceinents. The early stages of C/M | development
nrovided for manual or automatic or sration. C/M |
develo,. nent has progressed through the haid wired
primary and emergency controller stage to a progran:.
mable mini-computer with a customized kayboard for
operator commande, s Cathode Ray Tubs (CRT) for
Operats./sys’om mussayes, a system status panc) a
system cnntrol penel, and an actuator overros panet
(se® Figure 15).

Tha . .arrent stage of developmental C/M | is dedicated
o the control and monitoring of engineering hread-
board systems, such as the ARX-1 (see ‘igure V.). Test
programs with advanced life support developmaent=!
hardware invoive oft-design, parametric and life
testing. Thercfore, C/M | components such as an ac-
tustor over:' je panel are inciudecd Advanced life sup-
port tlight hardware will, of course, be dedicated to
steady state operation; and the same is true for the
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. Figure 15. C/M 1 Control Panel
i
C/M |. Therefore, tlight C/M | hardware will become i
considerably smaller and will utilize dedicated i
- microprocessors. A flight oriented C/M | design con- H
cept for an EDC subsystem is shown in Figure 17.
: i
'i
Figure 17. Flight-Oriented CM | For k
Figure 16. ARX-1 C/M | CO3 Removal Subsystem '
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Independent Air Revitalization System

NASA has investigated partial air revitalization
systems for intermediate manned space applications
One of these 1s an Independent Air Revitalization
System (IARS), which is perceived as a “‘semi-
portable” ARS. The IARS includes a water vapor elec-
trolysis (WVE) subsystem and an EDC subsystem. The
IARS provides simuitaneous CO, removai, O, genera-
tion and partial humidity control(i). The IARS can
operate as a separate system, or it can operate as a
back-up to a central ARS, described previous!v. A
schematic of the IARS 1s shown in Figure 18.

CABIN
AR

SN—

WATER VAPOR w2 | ELECTRNCHEMICAL .
ELECTROLYSIS DEPOL, AIZED  fmen [COZ ¢ ]
SUBSYSTeM €Oy CONCENTRATCR
P !
winus K0 MINUS €O,

CABIN
AR

*TO COy AEDUCTION SUBSYSTEM
OR VENT

Figure 18. IARS Schematic

Watur Vapor Electrolysis Subsystem

The WVE subsystem, which uses a hygroscopic elec-
trolyte (H280,), absorbs #:2*er vapor from the cabin air
stream and generates O, and H; per the following
reactions:

Anode:

H0 = %20, + 2H+* + 2e-

Cathode:
2H+ 4+ 2e- = H,

A functional WVE cell schematic is shown in Figure
19. Cabin air moisture is absorbed at the anode/elec-
trolyte interface and the O, generated by electrolysis
i~ rajeased Into the cabin air flowing through the
anode compartment. Mydrogen (H,) is generaied at the
cathode 8nd is utilized at the anode of the EDC
subsystem.

EDC Subsystem

The £ subsystem technnlogy used in the IARS has
already b<an described in an earlier section of this
papcn anu the subsystem electrochemical module
hardware is similar to the EDC RLSE hardware shown
in Figure 3.

o
S
Y T
5 N S )
I
AR PLUS gl 1
H0 VAPOR R v
L 1
] CATHODE
ANODE e
- 4 ELECTROLYTE
. 4
~ MATRIX
. .
B
REER ‘:1 r-
AIR PLUS Oy ’
MINUS K20 Rz

Figure 19. WVE Cell Functional Schematic

IARS Development Unit

A functional |ARS deveiopment unit has been
deveioped forthe NASA RLSE program (see Figure 20),
and a ninety (90) Gay characterization/endurance test
program has been successfully completed with this
three-person capacity |IARS. Characterization testing
included measuring the effect of cabin air pCO; and
moisture levels on electrochemical cell performance
(EDC and WVE cell voitages) and on CO, removal effi-
ciency. For nominal operating conditions the EDC
voltage averaged 0.4 Vicell at 20 ASF while the WVE
voltage was 1.70 Vicell at 42 ASF. The CO, removai effi-
ciency averaged 80% (2.2 Ib. of CO, removed per
pound of O, consumed). Additional testing of the
above unit is scheduled.

WATER RECLAMATION

Water reciamation in a manned srucecraft is of equal
importance with air revitalization. Water reclamation
involves processes to reclaim water from waste water
sources such as fuel cell water, cabin humidity con-
densate, wash water and urine. These waste water
sources represent increasing degrees of contamina-
tion and will generally require reclamation processes
of increasing complexity. Various processss, in-
cluding multi-filtration, phase change and membrane
processes, have been investigated for these applica-
tions; and limited subsystem and component develop-
ment efforts have been undertaken to date.

Recovery of fecal water is considered to pe difficult
but feasible. Fecal water reclamation will be discuss-
ed briefly in the solid waste treatment section of this
paper.
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Figure 20. IARS RLSE Development Hardware

Multi-Filtration

Multi-filtration processes can be used for treating
waste water containing contaminants in low concen-
trations (e.g., fuel cell water, cabin humidity conden-
sate, and possibly wash water) Typically, a mult-
filtration process will include a particulatesbactenial
tilter, an activated cha-coal canister, an anion ex-
change resin bed, and a cation exchange resin bed\12)
Very little development work has been performed in
this area, and this process technology will not be
discussed in further detail in this paper.

Phase Change Processes

Fhase change processes that have been considered
for spacecraft water reclamation from waste water
sources such as urine include air evaporation, vapor
compression distillation, vapor diffusion/evaporation,
and arelatively new concept that uses vapor pinase am-
moniaremoval.in adistillation/cordensation process,
the goal is to retain the soluter (in a stabilized form)in
the evaporator and to reclaim the energy involved with
the vaporization process. Three of these concepts will
be discussed in the following sections ot this paper.

Vapor Compression Distillation

A Vapor Compression Distillation (VCD) process
schematic is shown in Figure 21(13), The recovery of la-
tent heat in the VCD process is accomplished by com-
pressing the vapor to raise its saturation temperature
and then condensing the vaporon asurface whichisin
thermal contact with the evaporator. The resultant

CONCENTRATED
SLUDGE
WASTE EVAPORATOR | VAPOR
WATER
[} [}
LLATENT ; COMPRESSOR
THEAT |
RECLAIMED
WATER CONDENSER

Figure 21. Vapor Compression Distiation
Schematic
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heat flux trom the condenser to the evaporator s suffi-
cient to evaporate an equal mass of water Thus the
latent heat of condensation i1s recovered for the
evaporation process; and the only energy required by
the process 1s that necessary to compress the vapor
and to overcome the thermal and mechamcal in-
efficiencies.

The VCD process occurs in a 70 to 95 F temperature
range by maintaining anominal condenser pressure of
0.70 psia. The evaporator, condenser and condensate
collector are rotated at approximately 220 rpm to pro-
vide zero-gravity phase separation. The VCD com-
ponents are sized to recover 96 % of the waterfrom the
waste water feed by concentrating this feed stock to
50% solids. The VCD process requires pretreatment
chemicals to complex with urea and to provide anti-
foaming in the evaporator. The product water from this
subsystem requires post-treatment in charcoa! and
ion exchange beds in order to remove trace amounts of
organic materials and dissolved NH,, and the product
water also requires the addition of small amounts of
biocide to control bacterial growth.

Testing of two six-person capacity preprototyoe VCD
units (one shown in Figure 22) has been completed
with over 1000 hours of test time accumulated on each
un't. Pretreated urine has been concentrated to 50%
solids with water quality at projected levels (pH 5.0,
conductivity of 16 umhc/cm nominal). Specific
energies, expressed in watt-hours per pound of water
recovered (the key VCD performance parameter),
averaged from 45to 55 W-h/lb. Additional testing of ex-
isting VCD units plus the development of an advanced
development unit are underway.
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Figure 22. VCD Water Recovery Subsystem

Thermoelectric Integrated Membrane
Evaporation Subsystem

A schematic of the Thermoelectric Integrated Mem-
brane Evaporation Subsystem (TIMES) is shown in
Figure 23. This concept('4) recovers the latent heat of
condensation and transfers this heat to the evarorator

__PHETREAT SECTION
WASTE

THEAMOELECTRIC
MEAT PLMP
€ POROUS
PLATE
CONDENSER

PRETRLAY
uRIT

MEMBRANE
EVAPORATOR

A
POTABLE
WATER

POST FILTRATION
SECTION

Figure 23. Thermoelectric integrated Membrane
Evaporation Subsystem
Functional Schematic

via a thermoelectric heat pump. Waste water (urine),
pretreated with a sulfuric acid/chromium trioxidr solu-
tion, is heated to approximately 150 F in the ther-
moelectric heat exchanger, and the heated waste
water is pumped through a hollow fiber polysulfone
membrane evaporator module. The exterior of the
module tubes is exposed to reduced pressure, and
water evaporates from the tube surface and is con-
densed on a chitled porous plate surface in thermal
contact with the cold junction surfaces of the ther-
moelectric heat exchanger. The heat of vaporization is
provided by recycling the waste water to the heat ex-
changerwhere it 1s reheated and recycled. The product
water from this subsystem concept requires the same
post-treatment steps as those used by the VCD pro-
cess. Typically the solids concentration in the recycle
loop gradually increases until 95% of the original
water is removed and the solids concentration is ap-
proximately 40%. At this point, the recycle tank con-
taining the concentrated waste water siudge is re-
moved for storage and a replacement tank is installed
The energy requirements for this process are primarily
for the thermcelectric heat pump and for the sub-
system pumps (recycle, cooling, and condensate).

A photograph of TIMES development hardware is
shown in Figure 24. This subsystem has undergone
limited testing and an analysis of subsystem perfor-
mance cannot be made at this time.

Vapor Phase Catalytic Ammonia Remova!

Ultimately. a water reclamation process that requires
neither pretreatment nor post-treatment expendable
chemicals would be desirable for manned spacecraft
use. The vapor phase catalytic aimmmonia removal pro-
cess offers this potential advantage(15). A schematic
of the process is shown in Figure 25.

Waste water (urine) is vaporized, and the vapor stream
is mixed with air or O, and passes through an oxida-
tion reactor. Ammonia, urea and light organics are
oxidized in this reactor. Water is condensed and
separated, and the vapor phase then passes through a
nitrous oxide (N,0) decomposition reactor which con-
verts the N,O to N; and O,. Studies with “laboratory-
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MANNED TESTING AND LIFE SUPPORT
INTEGRATION

The majonty of NASA's advanced life support R&D
efforts have been directed at subsystem technologies
or components, but there have also been efforts to in-
tegrate subsystem technoleogies and to perform man-
ned chamber tests with the most advanced life sup-
port hardware available. These efforts were not
directed particularly toward subsystem iniagration
optimization, but they were directed toward manned
chamber/life support subsystem hardware tests. The
early manned chamber tests were performed suc-
cessively at 30-, 60-, and 90-day durations(18, 19, 20)
under the sponsorship of Langley Research Center.

Prototype integrated life support subsystem hardware
has also baen developed for “integrated systems" pro-
grams such as the Space Station Prototype (SSP) pro-
gram (1971-1975)21) and the Regenerative Life Support
Evaluation (RLSE) program (1975-present) under the
sponsorship of Johnson Space Center22), This hard-
ware has included: EDC CO, concentration, Sabatier
CO, reduction, SPE water electrolysis O, generation,
Independent Air Revitalization System (ED CO, con-
centration and WVE O, generation), VCD urine water
recovery subsystem, dynamic membrane wash water
recovery subsystem, subsystem computerized C/M )
and various components and sensors. The manned
chamber tests and the testing of the SSP and RLSE
hardware have been limited, but the subsystem SR&T
program has benefited from both the hardware
development phases and the test rusuits.

ENHANCED DURATION ORBITER

As mentioned previously, the early Shuttle Orbiter
flights will be limited to seven-day missions. in order
to maximize the effective use of this Space Transpor-
tation System, Extended Duration Orbiter (EDO) mis-
sions of 30, 60 and 90 days are under active considera-
tion. Such extended Orbiter missions will make it man-
datory to reduce life support and auxiliary power (fuel
cell) expendables. Significant weight savings for
these missions can be realized by replacing the

OF Fi 2k o

A,

expendable hthium hydroxide canisters with a regen-
erable/continLous CO, removal subsystem. For longer
missions, an IARS may also become applicable

1t should also be emphasized that if auxiliary power
supplies such as the Fower Extension Package (PEP)
or a fuli power module (25 kW) are substituted for the
Orbiter fuel cells, large O, and H, expendable re-
quirements are eliminated; but large quantities of
relatively ciean fuel cell water will not be available for
reciamation and subsequent use Water reclamation
trom humidity condensate and wash water would then
become attractive and provide weight savings.

SPACE OPERATIONS CENTER

The Space Operations Center (SOC) has been conceiv-
ed as a modular space station serviced by the Space
Shuttle. The SOC 1s a low earth orbit permanent man-
ned facility with a 14.7 psia mixed gas atmosphere A
Shuttle resupply interval of 90 days 1s planned. The
nominal volume for SOC is 22,000 {t3, and the vehicle
has been planned for a crew size of eight persons23),

The SOC hfe support system is regenerative in order to
minimize crew expendables. The life support system
functional schematic and mass balances are shown in
Figure 27. The baseline SOC life support system n-
cludes the following subsystems:

(1) liquid water electrolysis O, generation (solid
polymer or static-feed)

(2) VCD urine water recovery

(3) hyperfiitration wash water recovery

(4) condensing heat exchanger humudity control
{5) EDC CO; control

(6) Sabatier CO, reduction

(7) hydrazine dissociation N, generation

The SOC life support system will regenerate all
metabolic water and O, requirements. The only crew
expendable requirement is wet food. Resupply of NoH4
will be required for the N, generation subsystem and
subsequent cabin leakage make-up. Some expend-
ables will also be required for filters, chemical beds,
urine pretreatment chemicais, etc.

The SOC life support system configuration is planned
so that raciaimed water from urine will be utilized
primarily for O, production. The system will provide
drinking water reclaimed from ¢abin humidity conden-
sate, water vapor from the CO, concentrating process
and water from the CO; reduction process. The mass
balance demonstrates that surplus reclaimed water
will be available beyond that required by the crew and
the life support processes.

It should be émphasized that the SOC program is cur-
rently in the early definition phases, and it is possibie
that other life support subsystem technologies will
replace the baseline subsystems in the future. The
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Figure 27. Space Operations Center Life Support System Functional Schematic and Mass Balance

controlling factors governing subsystem selection
are, of course, the actual SOC project schedule and
the concurrent subsystem development status.

MANNED INTERPLANETARY
LIFE SUPPORT SYSTEMS

The life support functions 1equired for manned in-
terplanetary flight vehicles are essentially the same as
those prcvided for Earth orbital space stations. re-
generative air revitalization; water reclamation from
humidity condensate, wash water and urine, and ad-
vanced solid waste management techniques.

It is anticipated that upgrading and possible substitu-
tion of subsystem technology will occur in order to in-
crease performance capability and reliability. Sub-
system selection and system integration will be
dependent on the significant vehicle trade-offs that
are relevant at the time of selection.

A Controlled Ecological Life Support System (CELSS)
that includes food production is considered to be non-
competitive for a manned planetary flight vehicle, but
a CELSS is applicable for space settiements (i.e.,
lunar, Mars, Ls, etc.).

FUTURE DEVELOPMENT REQUIREMENTS

The uitimate goal of NASA’s advanced lite support
Research and Develcpment (R&D) program is to

develop the technology base for future manned space
requirements. This program has been responsible for
the successful developments that have been discuss-
ed in the advanced technology section of this paper.

It should be emphasized, however, that the current
technology data base is not adequate for space mis-
sion pianners. A significant amount of additional
development activity in systems, subsystems and
components must be accomplished. it should also be
emphasized that the advanced hfe support systems
technology developed to date deals with chemical pro-
cesses that require proper gas/liquid separation in
reduced gravity. However, none of the regenerative
systems/subsystems/components described in the
advanced technology section ¢f this pape: have been
tested in reduced cr zero gravity Long term tests on
spacecraft, such as Spacelab, are ahsolutely essential
to the data base generation and to nussion planners.
Short term (approximateiy 30 sec) aircraft parabolic
flight tests will not suffice.

NASA's advanced life support R&D program must ad-
dress these issues in order to guarartee an adequata
technology base for future manned space rivissions.
An adequate technology base will not guarantee that
future manned missions such as SOC or interplan-
etary flights will bs carried out. The failure to deveiop
the technology vase will guarantee either that ''we
aren't going" or that future manned mitssions wi.l re-
quire con~urrent program and project hardware
developr.aents, which have historically resulted in
large cust overruns (e.g., Shuttle).
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In order to develop an adequate technology bdse, it is
essential that additional R&D efforts at thx following
technology leveis be carried out:

(1) Flight technology demonstrations
{2) System developments

(3) Subsystem devefopments

(4) Components/parts develcpments

(5) Engineering analysis/applications, system and
trade studies

(€) Basic and applizd research (scientific and
engineering datz)

These efforts are essential for air revitalization, water
reclamation and solid waste management

It is obvious from the advanced technology develop-
ment section of this paper that the deveiopment
status for air revitalization, water reclamation and
solid waste management systems differs significant.
ly, with air revitaiization system/subsystem technol-
ogy having the highest. A ten-year development plan
that delineates the currently obvious additionai
technology level requirements for air revitalization is
shown in Figure 28, This listing is not all-inclusive, but

TECHNOLOGY LEVELS

YEAR

|

1 FLIGHT TECHNOLOGY DEMONSTRATIONS
EDC CO, REMOVAL
AIR REVITALIZATION SYSTEM
s. SABATIER BASED
b. BOSCH-BASED
N, GENERATION
OTHER

2. SYSTEMS (INCL. C/M1)
BREADBOARD ARS (ONE PERSON)
PROTOTYPE ARS (FOUR PERSON)
OTHER

3. SUBSYSTEMS (INCL. C/M 1)
€O, REMOVAL
0, GENERATION (SF.WES)
05 GENERATION (SPE-WES)
N, GENERATION
TRACE CONTAMINANT
OTHER

4, COMPONENTS/PARTS
SF-WES COMPOSITE CELL

TRIPLE REDUNDANT RELATIVE
HUMIDITY SENSOR

R=1H, LINE

NSS PRESSURE CONTROLLER
COOLANT CONTROL ASSY

SF-WES FLUID CONTROL ASSY

SF-WES FLUID PRESSUKE CONTROLLER
ADVANCED BOSCH REACTOR
COMBUSTIBLE GAS MONITOR

GAS MONITORING

OTHER

5. ENG. ANALYSIS/APPLICATION
S /STEM AND TRADE STUDIES

SOC EC/LSS DEF.
OTHER

8. BASIC AND APPLIED RESEARCH

Figure 28. ARS Development Schedule According To Technology Levels
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it clearly demonstrates the magnitude of R&D activity
that must be performed in order to establish the re-
quired air revitalization technology base. One of the
Space flight technology demonstrations identified in
Figure 28is aSabatier based Air Revitalization System
(ARS). A mock-up of this ARS flight demonstrator is
shown in Figure 29,

Program planning activities are requirec; in order to
establish similar ten-year program requirernents for
water reclamation ard solid waste management. The
identified technology 1ata gaps must, of course befill-
ed if advanced water rectamation and solid waste
management systems technology is to be selected
and baselined for future manned space flight hard-
ware.

Figure 29. ARS-Space Flight Demonstrator
Mock-Up
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